Gut-derived bacterial lipopolysaccharides (LPS) stimulate the secretion of tumour necrosis factor (TNF) from liver macrophages (MCs), liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells (HSCs), which control the acute phase response in hepatocytes through activation of the NF-jB pathway. The individual and cooperative impact of nonparenchymal cells on this clinically relevant response has not been analysed in detail due to technical limitations. To gain an integrative view on this complex inter-and intracellular communication, we combined a multiscale mathematical model with quantitative, timeresolved experimental data of different primary murine liver cell types. We established a computational model for TNF-induced NF-jB signalling in hepatocytes, accurately describing dose-responsiveness for physiologically relevant cytokine concentrations. TNF secretion profiles were quantitatively measured for all nonparenchymal cell types upon LPS stimulation. This novel approach allowed the analysis of individual and collective paracrine TNF-mediated NFjB induction in hepatocytes, revealing strongest effects of MCs and LSECs on hepatocellular NF-jB signalling. Simulations suggest that both cell types act together to maximize the NF-jB pathway response induced by low LPS concentrations (0.1 and 1 ng/mL). Higher LPS concentrations (≥ 5 ng/mL) induced sufficient TNF levels from MCs or LSECs to induce a strong and nonadjustable pathway response. Importantly, these simulations also revealed that the initial cytokine secretion (1-2 h after stimulation) rather than final TNF level (10 h after stimulation) defines the hepatocellular NF-jB response. This raises the question whether the current experimental standard of single high-dose cytokine administration is suitable to mimic in vivo cytokine exposure.
Gut-derived bacterial lipopolysaccharides (LPS) stimulate the secretion of tumour necrosis factor (TNF) from liver macrophages (MCs), liver sinusoidal endothelial cells (LSECs) and hepatic stellate cells (HSCs), which control the acute phase response in hepatocytes through activation of the NF-jB pathway. The individual and cooperative impact of nonparenchymal cells on this clinically relevant response has not been analysed in detail due to technical limitations. To gain an integrative view on this complex inter-and intracellular communication, we combined a multiscale mathematical model with quantitative, timeresolved experimental data of different primary murine liver cell types. We established a computational model for TNF-induced NF-jB signalling in hepatocytes, accurately describing dose-responsiveness for physiologically relevant cytokine concentrations. TNF secretion profiles were quantitatively measured for all nonparenchymal cell types upon LPS stimulation. This novel approach allowed the analysis of individual and collective paracrine TNF-mediated NFjB induction in hepatocytes, revealing strongest effects of MCs and LSECs on hepatocellular NF-jB signalling. Simulations suggest that both cell types act together to maximize the NF-jB pathway response induced by low LPS concentrations (0.1 and 1 ng/mL). Higher LPS concentrations (≥ 5 ng/mL) induced sufficient TNF levels from MCs or LSECs to induce a strong and nonadjustable pathway response. Importantly, these simulations also revealed that the initial cytokine secretion (1-2 h after stimulation) rather than final TNF level (10 h after stimulation) defines the hepatocellular NF-jB response. This raises the question whether the current experimental standard of single high-dose cytokine administration is suitable to mimic in vivo cytokine exposure.
Introduction
The liver is a frontline immunological organ crucial for the detection of pathogens entering from the gastrointestinal tract or from the systemic circulation through the portal blood as well as to organization of an immunological host defence [1] . To handle pathogens and to adjust immune responses, a coordinated crosstalk between the individual liver cell populations such as liver sessile macrophages (MCs), liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs) with parenchymal cells (hepatocytes) is of particular importance.
Portal venous blood contains gut-derived pathogens due to bacterial overgrowth, altered mucin production or impaired gut barrier integrity [2] . As intestinal permeability increases, bacterial degradation products such as lipopolysaccharide (LPS) stimulate the secretion of proinflammatory cytokines such as tumour necrosis factor (TNF), interleukin 6 (IL6) and interleukin 8 (IL8) through binding to Toll-like receptors (TLRs). These mediators stimulate the production of acute phase proteins and secretion of NF-jBdependent chemokines from hepatocytes, which increases the numbers of infiltrating immune cells and may propagate inflammatory liver injury. Clinically, inflammation triggered by LPS-induced responses are involved in the development of alcoholic and nonalcoholic steatohepatitis (ASH, NASH), as well as hepatocellular carcinoma (HCC) [3, 4] .
Lipopolysaccharide is recognized by the CD14/ TLR4/MD2 receptor of all resident nonparenchymal liver cells: MCs [5] , LSECs [6] , and HSCs [7] . Upon LPS binding, signalling cascades stimulate the secretion of proinflammatory cytokines such as TNF. TLR proteins are also expressed on hepatocytes, however, they do not directly respond to LPS and therefore, may remove LPS from systemic circulation [8] . This is supported by studies demonstrating that hepatocytes detect and internalize LPS without activation of signalling cascades [9] . These data illustrate that LPSinduced hepatocyte biology depends on paracrine activation through inflammatory mediators released from nonparenchymal cells.
Secreted TNF binds to TNF receptor (TNFR)1 located on hepatocytes and induces distinct intracellular pathways, such as the canonical NF-jB cascade. Upon TNF stimulation scaffolding and signalling proteins assemble into the signalosome complex leading to phosphorylation and activation of the IjB kinase (IKK) complex. This complex acts as kinase for IjBa in its free and NF-jB bound form. Phosphorylated IjBa is ubiquitinated and targeted for proteasomal degradation, followed by an increase in unbound NFjB dimers (including the NF-jB family member p65) in the nucleus [10] .
The individual cytokine profiles derived from MCs, as well as HSCs, in response to LPS have been analysed in different studies [1, 11] . However, little emphasis has been put on the relative physiological cytokine quantities and their specific impact on hepatocyte biology. Furthermore, LSECs, which separate hepatocytes from the blood stream, are poorly characterized with regard to their paracrine role. Indeed, a comparative and integrative analysis of nonparenchymal cell populations, that is, MCs, HSCs and LSECs and their individual or combined effects on hepatocytes under (patho)physiological conditions has been hampered by technical limitations such as the lack of suitable multicellular in vitro systems studying cytokine-induced stimulation. Additionally, the in vitro systems rarely mimic cytokine secretion, with its slow cytokine increase, rather high cytokine concentrations are added in a single administration.
To gain an integrative view on multiscale inter-and intracellular signal processing, we used a computational ordinary differential equation (ODE)-based multicompartment model. It describes cell-type-specific influences from LSECs, MCs, and both MCs and LSECs on hepatocytes upon LPS exposure. In the model the nonparenchymal cells secrete TNF in response to LPS. The TNF can then activate NF-jB signalling in hepatocytes. The model is trained with cell-type-specific LPS-induced TNF secretion profiles measured in a dose-dependent, time-resolved manner and dose-response, time-course data of major NF-jB signalling components in response to TNF. All experiments were executed in primary murine cells.
Results

TNF secretion from nonparenchymal cells
To define the individual TNF secretion of LSECs, MCs, and HSCs upon LPS treatment in a timeresolved manner, the respective cell populations were isolated from mouse livers. Subsequently, the cytokine secretion profiles were measured after in vitro administration of increasing LPS amounts (0-100 ng/mL) for different time points (0-24 h) using Luminex Technology for LSECs and HSCs and ELISA for MCs. Since liver sessile macrophages (Kupffer cells [KC] ) cannot be isolated in a sufficient quantity and purity for these experiments, murine bone marrow-derived macrophages were used as a suitable replacement for MCs [12] .
The measured TNF concentrations were transformed into cytokine amount secreted per single cell. These data illustrated that LSECs and MCs secreted similarly high TNF amounts in response to LPS (up to 0.011 pg/cell and 0.012 pg/cell respectively). The amount of TNF produced by HSCs was much lower compared to LSECs and MCs (constitutive mean 0.006 pg/cell). Additionally, TNF secretion from HSCs was constant and no induction due to LPS was observable.
To further define the impact of the nonparenchymal cells on the computational integrative liver model, the cell size and abundance of all liver cell types and the molecular weight of the TNF trimer (52 kDa [13] ) needed to be considered. The average values for liver volume and cell numbers have been published (Table 1; Table S1 ) [14] . These numbers and the hepatocyte volume (3-13 pl, [15, 16] ) were used to calculate the missing nonparenchymal cell volumes. Exemplary the arithmetics for LSECs (using the upper volume limit for hepatocytes, 13 pl) are given, the values for other cell types were calculated analogously. In the liver 60% of all cells are hepatocytes and 19% are LSECs. Therefore, there are 3.16 times more hepatocytes than LSECs. The total liver volume (2.8%) is taken up by the LSECs and 77.8% by the hepatocytes. Thus, all hepatocytes take up a volume 27 times larger than that of all LSECs, whereby LSECs are 8.7 times smaller than hepatocytes. Taking the volume of a single hepatocyte into account, the average LSEC volume is thus 1.5 pl. All simulations were carried out for the upper and lower volume limits published. No significant differences were found. All figures and calculations shown in the following are based on simulations for the upper average of liver cell and space volumes. Figure 1A illustrates that LSECs are much smaller and less abundant than hepatocytes. Therefore, on average the cytokines they secrete are bound by~3 hepatocytes. There are much less HSCs than MCs or LSECs in the liver, this further reduces their relevance with respect to TNF secreted in response to LPS. Therefore, HSCs were not considered further for mathematical modelling. Figure 1B shows the average TNF concentrations secreted by nonparenchymal cells, after considering cell abundance in the liver and assuming the Space of Disse and the endothelial lumen make up the extracellular space in the liver. For macrophages, a second data set of lower technical quality can be found in Fig. S1 . This data set was not used for quantitative modelling but confirms the general trend of the experimental results in Fig. 1B with respect to response strength and timing.
Generation of an extended ODE model for NF-jB signalling in primary hepatocytes
Based on experimental data we previously established a first mathematical ODE model describing the dynamic behaviour of TNF-induced NF-jB signalling in primary murine hepatocytes [17] . This model was similar to most established models (Ashall, O'Dea), although in contrary to these, we distinguished between phospho-p65 and its unphosphorylated form, as we aimed to describe Western Immunoblot measurements of phospho-p65. Most other models are based on measurements of fewer pathway components from cell line data, whereas we exclusively used primary hepatocyte data. Furthermore, protein turnover for all proteins was considered in the model. Due to these differences our model was able to show that models currently established lack a regulation of p65.
We assumed that an additional p65 phosphorylation could be of relevance to hepatocyte-specific NF-jB signalling. From literature research we suggested an IKK-independent modulation of the NF-jB subunit p65 by p38-induced mitogen-and stress-activated protein kinase-1 (MSK1) phosphorylation as a good candidate. Here, we give experimental proof that this indeed occurs upon TNF stimulation in hepatocytes ( Fig. 2A) . The model included basal and TNF-induced enzymatic phosphorylation of p38, a dephosphorylation reaction, a p38-driven phosphorylation of MSK1, and a corresponding dephosphorylation reaction for MSK1. To further prove that MAPK signalling was induced by TNF, phosphorylation of JNK was included in the experimental measurements and the computational model.
Importantly, the computational model originally published was able to describe all new experimental data and previous data upon stimulation with 10 ng/ mL TNF without any changes in the model except for including the new p38/JNK/MSK1 phosphorylation reactions and estimating only parameters belonging to these reactions (Fig. 2B ,C). This shows that the proposed additional mechanism is sufficient to describe the formerly missing regulation of the NF-jB signalling in hepatocytes.
In the extended model the parameter identifiability was improved markedly. Apart from the K M -values, the parameters for the reactions describing p38/JNK/ MSK1 signalling could be estimated from the experimental data (parameter values and fit ranges are summarized in Table S4 ). The fit algorithms minimized the K M values, indicating that the reactions were running at v max and were in saturation. Nevertheless, many of the other parameters in the model still remained unidentifiable. To ensure robust computational results despite these unidentifiabilities, we worked with model ensembles, which encompass 30 different parameter sets, all fitting to the experimental data as introduced previously [17] . Only results produced by all 30 parameter sets were considered for further analyses.
Integration of dose responsiveness
Our previous studies on NF-jB signalling were performed using 10 ng/mL TNF. Since we aimed to include the intercellular communication level with an accurate description of TNF concentrations, the All simulations were carried out for the upper and lower volume estimates for all cell types, without significant differences. The results for the upper volume range are shown in this work. activation levels to different input stimuli amounts were tested experimentally. For this, primary murine hepatocytes were stimulated with 0.1, 1, 10, 20 and 50 ng/mL TNF (eight time points) and the NF-jB pathway response was measured using western immunoblotting (Figs 3 and 4). Importantly, even lowest TNF amounts were sufficient to induce a moderate but reproducible response in hepatocytes regarding IjBa phosphorylation and its degradation as well as p65 activation/phosphorylation. The cellular response to higher cytokine concentrations increased until it saturated between 20 and 50 ng/mL TNF. Indeed, a saturation effect and the correct time scale of the dynamic responses were predicted by our original mathematical model for varying TNF concentrations. However, several details were not sufficiently explained. First, the saturation was predicted for higher TNF doses compared to the experimental data. Second, the responsiveness to lower cytokine concentrations was not well captured by the model. Third, the IjBa mRNA response to 10 ng/mL TNF showed a less pronounced increase in its peak (Figs 3A and 4A, diverse distribution of curves). Reparametrization of the model did not improve the predictions. Also, altering the kinetics for the IKKb activation reaction (the first step of the signalling pathway in our original model) did not lead to a satisfying fit (data not shown). Therefore, we decided to extend the topology of the model and include a more detailed description of the TNFR dynamics. 
Integration of TNFR1
As the observed saturation effect of pathway activation upon TNF stimulation was stronger than could be explained by our original model with only changes in parametrization or kinetics of the first activation step, TNFR1 was included in the model, adding further degrees of freedom. Based on previous data, the total receptor concentration was set to 3 9 10 À4 lM, which is equivalent to 2300 proteins per cell (Volume = 13 pl) [15, 16] . Respective reactions describing the receptor turnover, ligand binding, complex internalization, and internal ligand degradation were included in the model topology (Fig. 8) . The membrane-bound TNF/TNFR1 complex acts as activator of IKKb. Furthermore, Henri-Michaelis-Menten kinetics for IjBa translation were implemented to allow for a saturation effect in this step. These changes allowed the mathematical model to precisely describe the experimental data sets after parameter estimation of all parameters. Twenty-five per cent of the parameters in the model ensemble remained unidentifiable. The time courses of the measured NF-jB pathway proteins were captured accurately for both high and low TNF dosage regimes, as well as for 10 ng/mL TNF and those of IjBa mRNA, p-38, p-JNK, and p-MSK1 (Figs 3B and 4B). For model validation, the IjBa mRNA doseresponse time series were predicted by all 30 parameter sets. For model training 10 ng/mL TNF was used. The simulation results captured the experimental data without any further modifications of the model or its parameters (Figs 5 and 6 ). In summary, the extended model describes all experimental results well and can therefore be used for computational modelling of TNF input information derived from different nonparenchymal cell types.
Modelling of LSEC-and MC-induced NF-jB signalling in hepatocytes
Next, we combined the nonparenchymal cell profiles and the detailed hepatocyte NF-jB model to generate a multicell-type mathematical model. To describe the multiscale process of paracrine TNF signalling on hepatocytes in a single ODE-based model, further assumptions were necessary: (a) The diffusion of TNF happens on a faster time scale than the modelled biochemical processes: proteins diffuse within seconds through LSECs [18] , the measured and simulated protein and mRNA concentration changes take place within minutes to hours. (b) TNF can diffuse between the sinusoidal lumen and the Space of Disse through LSEC fenestrae, as was illustrated for albumin (diameter 34 nm) [19] . Assuming that TNF is of globular shape and by using the formula from Erickson, the cytokine diameter was estimated to be 5 nm [20] . (c) TNF is homogeneously distributed (this follows directly from a and b).
The secretion profiles of nonparenchymal cells with respect to TNF were described by an ODE system (Fig. 7, Table S2 ), which was used as input for the newly established mathematical hepatocyte NF-jB pathway model (Fig. 8) . Finally, model simulations were performed using all 30 parameter sets of the model ensemble. For this, the TNF input derived from LSECs and MCs was computed individually or in combination (Fig. 9) . This computational step led to the following findings: Secretion of bioactive TNF clearly depends on the amount of LPS for both nonparenchymal cell types (Fig. 9A) , with high concentrations of LPS (> 5 ng/mL) inducing more than 240 ng/mL (=0.005 lM) TNF secreted by LSECs or MCs.
Next, the response of the hepatocytes to secreted TNF was studied, characterized by amplitudes of phospho-p65, phospho-IjBa, and transcriptional changes. The model showed that lowest LPS amounts (0.1 and 1 ng/mL) led to partial hepatocellular responses when LSECs or MCs were considered separately or combined (Fig. 9B-E, zoom, Fig. 10 ). The hepatocellular response (i.e. amplitude of phospho-p65 and phospho-IjBa) for LPS stimulation with 5 ng/mL LPS was the strongest and could not be increased with higher LPS concentrations (100 ng/mL, Fig. 10 ) for TNF secreted from individual as well as combined nonparenchymal cells. However, the TNF secretion from individual nonparenchymal cells evoked a lower response (phospho-p65 and phospho-IjBa amplitude, Fig. 10 ) than the combined effect. This NF-jB response was observable within 1-2 h after LPS stimulation. Interestingly, LSEC-and MC-derived TNF secretion steadily increased in this timeframe, and highest TNF concentrations were reached after 10 h. For LPS stimulation with 5 ng/mL, TNF levels of more than 2300 particles per hepatocyte (the number of TNFR1 particles in the model) were reached on average after 135, 92, and 70 min for MC, LSEC, and combined TNF secretion respectively (Table S5 ). This implied that the final maximal TNF concentration could not be the relevant parameter for the observed induction of the NF-jB response. Instead, only TNF concentrations during the early phase of pathway activation, before the full response was evoked, could control the response strength. We compared model simulations of a single TNF administration to simulations of a continuous TNF synthesis with varying synthesis rates, resulting in concentrations of 10 ng/ mL free TNF in medium. For the continuous stimulation, we found that reducing the TNF synthesis rates led to decreased concentration peaks of phospho-p65 and phospho-IjBa (not shown). In the studied situation, we concluded that the rate of TNF production over the first few minutes was decisive for the cellular pathway response.
By stimulating the nonparenchymal cells with higher LPS dosages, the initial TNF secretion velocities from the individual nonparenchymal cells could not be increased further. Therefore, the subsequent response of the hepatocytes could also not be increased further with higher stimulations (10, 50 and 100 ng/mL LPS), although the in vitro hepatocellular model would allow a stronger response (Fig. 3) . However, if MCs and LSECs combined in TNF secretion, their initial secretion velocities were additive, allowing the intrahepatocelluar pathway response to be strongest for the combined effects in the integrative model ( Fig. 9B -E, amplitude and Fig. 10 ). This strong response also showed faster dynamics than the response to lower dosages ( Fig. 9B-E , zoom time courses for 0.1 and 1 ng/mL LPS).
In summary, the multiscale computational model, supported by the experimental data, illustrated that for high LPS concentrations the strongest hepatocellular NF-jB response could only be induced when TNF was secreted by both LSECs and MCs simultaneously. TNF secreted by LSECs or MCs alone led to a less strong but nonincreasable activation, because TNF was secreted more slowly by the individual nonparenchymal cells, than if both combined in secretion. For lower LPS amounts the individual and combined effects of MC-or LSEC-derived TNF activated an adjustable NF-jB response in hepatocytes. Overall, the initial increase in TNF particle counts secreted from nonparenchymal cells, rather than the final TNF concentrations, defined the hepatocytes response.
Discussion
Cell-cell communication via cytokine signalling is a key part of the innate immune response and an important process during inflammation. In this context, TNF is known to be one of the first cytokines produced by nonparenchymal cells in the liver, inducing NF-jB signalling in hepatocytes [21] . However, technical limitations challenge the systematic analysis of these complex processes in a quantitative and timeresolved manner. First, primary isolated liver cells start to transdifferentiate within hours, which limits the value of long-term coculture experiments [22, 23] . Second, comprehensive analyses including multiple experimental parameters (e.g. varying input, time, protein abundance and turnover) or complex systems topology (e.g. interconnected signalling pathways) are vulnerable to slightest changes and therefore experimental reproducibility is error prone. In this case computational or systems biology represents an alternative for methodical examination of nonlinear relationships, causative events, and feedback mechanism. Here, this approach allowed us to analyse how bacterial components (LPS) stimulate a hepatocellular response via activation of TNF secretion from nonparenchymal liver cells.
For the previously introduced hepatocyte-specific model and the extended version presented in this paper the predictive power could be shown. On the one hand, the assumed changes in p65-IjBa complex concentration and the dose-dependent induction of the feedback inhibitor IjBa were confirmed. On the other hand, we were able to validate the previously predicted activation of an additional positive regulator (IKK complex-independent MSK1) [17] .
Compared to other published NF-jB signalling models our model has several important and novel features. It was trained and validated exclusively on primary murine hepatocyte data and not on data from carcinoma cell lines as most other models. Seen as NF-jB signalling can be altered in tumour cells, this ensured that our simulations imitate in vivo signalling as closely as currently possible. With available experimental techniques it would not have been possible to perform quantitative in vivo measurements with the same scope and quality. Our model describes different phosphorylation states of the main pathway constituents, p65 and IjBa, which influence which genes are induced by NF-jB, and therefore, we could show experimentally that an additional NF-jB kinase is relevant for accurate hepatocyte-specific NF-jB signalling. These findings can serve as an example of how systems biology approaches can help steer experimental investigations. Furthermore, currently published models either only describe the receptor level or NF-jB signalling in detail, ours combines both and describes dose-response data. This combination will allow our model to be integrated in PK/PD models in future work. In summary, our new model allows the investigation of NF-jB signalling in a more complete context than before, making this model a new tool for the analysis of this crucial step in the innate immune response of the liver.
For healthy humans TNF serum levels around 5 pg/mL have been described, however, for human diseases such as NASH (34.2 ng/mL, [24] ) or after liver transplantation (43 ng/mL, [25] ) much higher TNF serum concentrations are detectable. Moreover, serum levels describe TNF concentrations throughout an entire organ. In our simulations, a MC and a LSEC in immediate proximity to a single hepatocyte are reacting to LPS. Thus, we are considering local concentrations of TNF in the core of inflammation. Although the sinusoidal blood flow in the liver would dilute locally secreted TNF amounts, nonparenchymal cells and hepatocytes are distributed rather homogenously along the porto-central sinusoidal axis and therefore diluting effects are compensated by 'upstream' located MCs and LSECs. Additionally, the blood flow through sinusoids can be considered as very slow (270-410 lm/s) compared to other vessels (1500 lm/s) [26] [27] [28] . The exact calculation of the TNF concentration in the liver would thus depend on several nonpredictable or unknown parameters such as sinusoidal flow during inflammation, local LPS concentrations during inflammation, and TNF uptake by cells in vivo. Nevertheless, due to the experimentally established single-cell secretion profiles of the nonparenchymal cells, our approach gives an estimate of the upper limit for the TNF levels that can arise locally in a liver sinusoid during inflammation.
Especially for the lowest in vitro TNF amount measured in our study (around 0.1 ng/mL), experimental data and model predictions suggest a submaximal pathway response, which was illustrated by reduced p65 phosphorylation, IjBa protein abundance and transcription. Thus, low TNF concentrations may reflect a cellular state where hepatocytes do not respond with full pathway activation and where small changes of cytokine amounts from different cell types are integrated to achieve fine tune regulation. From a biological point of view this information is of relevance since distinct TNF amounts and the mode of cytokine administration drastically affect expression patterns [29] . The data point at 120 min for 1 ng/mL is considered as an outlier, that is, we do not consider the model to be invalidated due to this data point. Our hepatocyte-specific in vitro ODE model of TNF-induced NF-jB pathway was trained using up to 50 ng/mL in vitro. If we consider only the concentrations of TNF in our simulations for the integrative liver model (up to 820 ng/mL) and in the hepatocytespecific in vitro model, the difference seems large. Even more so, as the in vitro model shows full pathway activation at 10 ng/mL TNF, in the integrative mathematical liver model a submaximal pathway activation is induced for 5 ng/mL LPS which correlates with up to 307 ng/mL and 512 ng/mL TNF for MCs and LSECs (equivalent to 0.006 lM and 0.010 lM TNF) respectively. However, the extracellular volume we are considering in the integrative model (2.59 pl) is about (Tables S2, S3 , S4). The model scheme was created using the SBGN standard [43] ; boxes represent molecules, arrows with small squares represent reactions, lines with small circles at the end represent catalytic activation. Figure reproduced from Ref. [43] .
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The FEBS Journal 284 (2017) 796-813 ª 2017 Federation of European Biochemical Societies 1000-fold smaller than the volume of medium available per cell in the population experiments (3.75 nl). Therefore, the particle counts of TNF per hepatocyte in vitro are much higher than in the integrative model (440 000 particles and 25 000 particles respectively). In addition, the amount of TNF available at the beginning of the simulations for the integrative model, where TNF secretion is induced gradually after LPS addition, is much smaller compared to the full amount of TNF particles available immediately after TNF addition in the in vitro experiments. This also explains why the peak heights of phospho-p65 and phosphoIjBa observed in the in vitro measurements are higher than the peak heights in the simulations of the integrative model. While the TNF secretion by MCs and LSECs increases gradually over many hours, our results show that the intrahepatocyte response is largely determined by the initial TNF increase and not the final TNF concentration reached after 15 h. This has implications for the design of in vitro experiments. We expect that continuous administration of TNF over an extended period of time would lead to a different response than a single administration of corresponding dosage, which is the current typical setup. Since the former mirrors the physiological conditions more realistically, it may be worthwhile to reconsider experimental procedures to allow a gradual cytokine administration, for example, with pumps and to reconsider TNF concentrations with respect to cell number, medium volume and the resulting ratio of TNF and TNFR1 particles.
Although isolated HSCs secreted TNF, their low number reduced their relative impact compared to LSECs and MCs. For this reason, only LSECs and MCs were integrated in our multiscale model. One key finding of our study is that LSECs and MCs are equally strong sources for TNF after LPS administration in our experimental setup. These results are supported by previous studies, where MCs were depleted from the liver through liposome treatment, which resulted in a TNF reduction by~50% [30] .
This model describes the NF-jB signalling in hepatocytes in sufficient details but some biologically relevant aspects of the pathway are considered as 'black boxes' (e.g. the signalosome downstream of the receptor). Additionally, LPS-induced TNF secretion from nonparenchymal cells is purely descriptive in our model. While no regulatory mechanism is included, the model correctly describes the time scales and magnitude of TNF secretion as observed in the in vitro experiments. Furthermore, the diffusion of TNF between cells, the cytokine distribution, and especially the volumes and numbers of liver cells [14] are simplifications of the real physiological processes. These limitations restrict the questions that can be answered with our model.
As described above, we decided to use primary cells to stay as close to the in vivo situation as possible. However, we cannot exclude cellular stress from the processes of cell isolation and purification, which may affect the cytokine secretion. For this reason, we assumed basal cytokine concentration to be zero in the mathematical model, although very low amounts of TNF were measured for unstimulated cells.
Quantitative modelling allowed an initial estimate of LPS concentrations and subsequent TNF concentrations required for a full NF-jB pathway activation in hepatocytes. The framework can be adapted easily to describe effects of other cytokines on corresponding signalling pathways. Our results show that MCs and LSECs contribute the most to relevant TNF secretion during LPS-induced liver inflammation. Both cell types combine in TNF secretion for all LPS concentrations to increase the initial availability of TNF. This initial availability of TNF, which is limited by the rate of production of TNF in different cell types, and not by the final TNF level, defines the maximal inducible NF-jB response. Low LPS concentrations (0.1, 1.0 ng/mL) are already sufficient to invoke an adjustable hepatocellular NF-jB response to TNF secretion from individual and combined nonparenchymal cells. In addition, our analysis illustrates that the dynamics of cytokine administration has a marked effect on pathway activation and therefore the biological outcome of specific cell types.
Experimental procedures
Animal work
C57Bl/6 mice and for HSC isolation BALB/c mice were obtained from Charles River (Wilmington, MA, USA) and housed under standard conditions in the animal facilities of the institutes. All experiments were performed with the approval of the regional animal committees and in accordance with the institutional regulations.
Hepatocyte isolation and cultivation
Isolation of hepatocytes from mice has previously been described [31] . In brief, 12-week-old animals were anaesthetized using 10% ketamine hydrochloride (5 mg/100 mg body weight) and 2% xylazine hydrochloride (1 mg/ 100 mg body weight), and perfused with HANKS solution supplemented with 0.3 mg/mL collagenase CLSII and 5 mM CaCl 2 . After liver removal, hepatocytes were plated on collagen-coated culture dishes (1 million cells/6 cm BD; Biocoat; Horsham, PA) and cultured with adhesion medium (Williams medium E (Biochrom, Berlin, Germany), 10% FCS, 0.1% insulin, 100 nM dexamethasone, 2 mM L-glutamine and 1% penicillin/streptomycin) at 37°C for 4 h. After attachment, cells were washed with PBS (GIBCO Life Technologies, Darmstadt, Germany) and incubated overnight with prestarvation medium (Williams medium E, 100 nM Dexamethasone, 2 mM L-glutamine and 1% penicillin/streptomycin). Before TNF stimulation, cells were incubated for 5 h in starvation medium (Williams medium E and 1% penicillin/streptomycin). Dynamic stimulation of NF-jB signalling was achieved by administration of recombinant murine TNF (0.1, 1, 10, 20 and 50 ng/mL) in starvation medium (R&D Systems, Minneapolis, MN, USA). At different time points (5, 10, 20, 40, 60 , 120, 180 and 240 min) medium was removed and cells were washed with PBS immediately before mRNA and protein isolation.
LSEC isolation and cultivation
Liver sinusoidal endothelial cells were isolated and cultured from 8-to 12-week-old animals as described previously [32] . Briefly, livers were perfused via the portal vein with a solution of 0.05% (v/v) collagenase (SigmaAldrich, Munich, Germany), mechanically disrupted and further digested with a collagenase solution. LSECs were purified by density gradient centrifugation using 30% Nycodenz (Axis-Shield, Heidelberg, Germany) following immunomagnetic separation with anti-CD146 antibodylabelled MACS microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated cells were cultured on collagen-coated plates with Dulbecco's modified Eagle's medium (DMEM) high glucose (4500 mg/L) supplemented with 10% (v/v) FCS, and 2 mM L-glutamine. At day 2 post isolation LSECs were treated with different concentrations of LPS (0, 1, 10, 50 and 100 ng/mL, Sigma-Aldrich) and cell supernatants were collected after 3, 6, 12, 18 and 24 h.
BMDM isolation and cultivation
Kupffer cell isolation is not feasible in a high enough quantity and purity to analyse cell type-specific characteristics. Therefore, bone marrow-derived macrophages (BMDM), which are suitable model systems for KCs, are used in this study [12] . BMDM isolation and cultivation has been described previously [33] . In brief, bone marrow of femurs and tibiae of male, 8-12-week-old animals were flushed out by irrigation with medium (DMEM 1000 mg/mL glucose, 1% penicillin/streptomycin). A single-cell suspension was obtained by pipetting cells vigorously followed by centrifugation (at 200 g, 4°C, 10 min). Cells were resuspended in culture medium (DMEM, 1000 mg/mL glucose, 1% penicillin/streptomycin, 10% FCS) and seeded in three vented cell culture flasks (75 cm 2 ) for overnight incubation. Nonadherent cells were dislodged followed by centrifugation. Cells were resuspended in culture medium containing 10 ng/mL M-CSF and seeded in five cell culture dishes with 15 cm diameter and 20 mL volume each. Ten millilitres of medium supplemented with M-CSF was added on day 3, 6 and 7. After 8 days of differentiation, cells were harvested by trypsinization. Cells were adjusted in M-CSF containing culture medium (160 000 cells/500 ll/12 well plate cavity). Medium was changed to FCS-free culture medium 6 h before performing the experiments. Cells were stimulated with different LPS concentrations (10, 50 and 100 ng/mL) and cell supernatant was collected after 2, 3, 4, 6, 7, 8, 16 and 24 h.
HSC isolation and cultivation
Hepatic stellate cells were isolated from > 12-month-old mice after liver perfusion with collagenase in situ, followed by disaggregation and pronase/DNAse digestion in vitro. Nonparenchymal cells were separated by a two-step density centrifugation on percoll gradients as described in [34] . For each experiment, 800 000 HSCs per well were plated in a six-well plates. Purity of cell preparations was analysed by quantitative evaluation of Vitamin A autofluorescence. Cells were allowed to adhere in 1.5 mL DMEM + 10% FCS overnight and medium was changed to starvation medium containing 0.2% FCS after 16 h. Following overnight culture in DMEM/0.2% FCS, cells were stimulated with LPS (10, 50 and 100 ng/mL) in DMEM/0.2% FCS. Cell culture supernatants were collected after 2, 6 and 24 h.
Quantitative cytokine detection
Tumour necrosis factor secretion from LSECs and HSCs was quantified by the Luminex multiplex bead assay (BioRad, Munich, Germany). Untreated control samples were used for background normalisation, and for each experiment three independent cell preparations were analysed using the same experimental conditions. Fluorescent readings were quantified using a cytokine standard (BioRad). TNF secretion from MCs was quantified using the TNFa Quantikine Mouse ELISA Kit (R&D Systems) according to manufacturer's instruction. . Zoom-in windows in curves highlight areas of special interest (see also Fig. 10 and Table S5 ). Simulation results and a computer readable description of the simulation setup can be accessed at https://jjj.bio.vu.nl/models/experiments/beuke2017_fig6/. Fig. 10 . Summary of the hepatocellular response to varying LPS concentrations. Maxima and minima values and time points quantified for computational simulations (Fig. 9 ) of TNF and the NF-jB pathway components (phospho-p65 (p-p65), phospho-IjBa (p-IjBa), IjBa, IjBa mRNA) after LPS-induced TNF secretion from MCs and LSECs. Final TNF concentration increases with LPS concentration, for higher LPS concentrations NF-jB pathway components extrema do not increase, they depend on the nonparenchymal cells secreting TNF.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . Quantitative analysis of LPS-induced TNF secretion from MCs, additional data set. Table S1 . Numbers for cell sizes and ratios in the liver. Table S2 . List of reactions in the integrated liver model. Table S3 . Parameters in the integrated liver model. Table S4 . Parameters and initial concentrations after parameter estimation for all 30 model ensembles of the integrated liver model. Table S5 . Time points at which TNF particle number in the combined model exceed TNFR numbers (2300 particles) for different LPS stimulation.
